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Abstract
Soccer is a unique game that permits the purposeful usage of the head in directing the ball. A lot of studies have coupled heading
in soccer with brain trauma injury. This has led to the introduction of various protective headgears for soccer players. Nonetheless,
studies have shown that these headgears are only beneﬁcial in head-to-head impact, but none are useful in reducing the risk
of sustaining a brain injury due to a soccer heading manoeuvre. The purpose of this study is to evaluate the inﬂuence of an
elastomeric foam on the head response due to soccer heading manoeuvre by means of the ﬁnite element analysis. Validated FE
models of soccer ball and human head were used to perform FE analysis of soccer heading. A layer of soft foam was added on
the forehead to represent the protective headgear. The foam was deﬁned using hyperfoam material model. A parametric study was
conducted to investigate the impact of each material coeﬃcient and foam density on the head response due to soccer ball heading.
The results obtained show that an elastomeric foam alone is not able to mitigate the impact caused by soccer heading. Further work
on the design of the headgear is needed to look for an optimal impact mitigation strategy.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of ISEA 2016.
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1. Introduction
Soccer is the most popular sport in the world with a total of 265 million players worldwide, both registered and
unregistered [1]. This game permits purposeful use of the head in directing the ball to the teammates or even scoring
goals. This manoeuvre is termed ‘heading’. A soccer player could be subjected to six to seven occasions of heading
during a game [2]. It is estimated that on average a soccer player sustains 800 headings a year [3]. This heading
manoeuvre has raised concerns as to whether it could lead to brain trauma injury.
Many studies have linked purposeful heading in soccer to brain trauma injury, similar to that found in mild trau-
matic brain injury (TBI). The brains of amateur and professional soccer players were evaluated by means of a set of
neuropsychological tests [4–8] and brain imaging technique [9,10]. The results from the neuropsychological tests re-
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vealed that the soccer players had scored poorly compared to the non-soccer players. In addition, the frequent headers
obtained even lower scores than the non-headers. The number of headings was reported to be inversely proportional
to the neurocognitive performance of a soccer player. Recently, magnetic resonance imaging (MRI) technique has
superseded the neuropsychological test in evaluating a soccer player’s brain. Lipton et al.[10] studied the brains of
amateur soccer players and found a compelling evidence that exceeding a threshold level of 885 to 1,550 headings a
year will cause a cognitive impairment similar to that seen in patients with a TBI.
The increase of head injury cases in soccer has spurred the introduction of several headgears designed speciﬁcally
for the head protection during a soccer game. These headgears are made of impact-absorbing foams such as the
polyurethane and polyethylene. The designs vary from one manufacturer to another. However, the most important
question is how eﬀective are these headgears in protecting the brain during a soccer heading manoeuvre?
Studies were conducted to evaluate the eﬀectiveness of soccer headgears. Naunheim et al.[11] tested four head-
gears: Soccer Docs, Kangaroo, Head Blast and Head’r using a headform instrumented with a triaxial accelerometer.
They found that all headgears tested were not eﬀective in reducing the impact during the simulated soccer heading.
Broglio et al.[12] tested three soccer headgears: Headers, Head Blast and Protector by launching a soccer ball at a
force platform, on which each headgear was attached. The headgears were found to reduce the peak impact force, but
only up to 12%. Nonetheless, the eﬀectiveness of these headgears in reducing the risk of sustaining TBI during soccer
heading manoeuvre was inconclusive.
Moreover, Withnall et al.[13] tested a few soccer headgears subjected to high-speed ball impacts using the Hybrid
III crash test dummy. Their results demonstrated that all headgears tested were unable to reduce the head accelera-
tions due to the ball-to-head impact. However, the headgears were able to provide up to 33% reduction of the head
injury risk in a head-to-head impact. This suggests that the headgears are only eﬀective in a collision with a hard,
non-deformable object but ineﬀective in an impact with a soft, deformable object such as a soccer ball. Besides ex-
perimental work, a computer simulation was also used in studying soccer headgears. Lehner et al.[14] used a detailed
human head-neck model to evaluate the eﬀectiveness of the Full90 headgear in reducing the risk of brain injury. They
concluded that the headgear provided no measurable impact attenuation in an event of soccer heading.
This study aims to analyse the impact of the foam’s properties on the head accelerations and the peak Head Impact
Power (HIP) in a soccer heading situation in order to search for an optimal foam for the soccer headgear. The HIP is
a head injury predictor that takes into account the linear and angular head accelerations. It is given by the following
equation [15]:
HIP = maxvx + mayvy + mazvz + Jxxαxωx + Jyyαyωy + Jzzαzωz (1)
where m is the mass of the head, ai is the linear head acceleration, Jii is the mass moment inertia of the head, αi is the
angular head acceleration andωi is the head angular velocity. The rate of change of the kinetic energy is at a maximum
as HIP reaches its peak value. Hence, the maximum HIP value (HIPmax) is used as the indicator of the severity of a
soccer ball-to-head impact simulated in this study. Validated soccer ball [16] and human head ﬁnite element models
[17] were used to perform the analysis.
2. Method
A validated soccer ball FE model developed by Taha and Hassan[16] was used in the analysis. The model utilises
the composite shell elements with isotropic material properties. This allows for multiple layer deﬁnition with individ-
ual material properties. The properties of the ball was extracted from Price et al.[18]. The pressurisation of the ball
was achieved by coupling the centre of mass of the ball, which was deﬁned as the cavity reference node, and the inner
surface of the ball. The modelling of the ball is described in detail in [16].
To simulate a soccer heading manoeuvre, a relatively simple human head model developed by Hassan and Taha[17]
was adopted. It comprises of four components: a cranium, facial bones, cerebrospinal ﬂuid and brain. The material
properties of each layer were obtained from literature as shown in Table 1. The brain was deﬁned as viscoelastic,
which shear characteristics is expressed by Gt = G∞ + (G0 −G∞)e−βt, where G0 is the short-term shear modulus with
a value of 0.528 MPa, G∞ is the long-term shear modulus with a value of 0.168 MPa, β is the decay factor that was
deﬁned as 35 s−1 and t is time, expressed in seconds [19]. The time domain viscoelastic material model is given by
the following Prony series expansion gR(t) = 1 − g¯P(1 − e−t/τG ) [20], where g¯P = (G0 − G∞)/G0 and τG = 1/β [21].
Since it is very unlikely for an impact from a soccer ball to induce a skull fracture, the cranium and facial bones were
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Table 1: Elastic material properties of the FE head model.
Component Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio Source
Skull 3,312 6,500 0.2 [22,23]
Facial bones 8,000 6,500 0.2 [22,23]
Cerebrospinal ﬂuid 1,004 0.15 0.49886 [23]
Brain 1,040 5.04 0.4996 [24]
Fig. 1: FE head model incorporating the headgear.
deﬁned as rigid body to reduce the computational cost. From our simulations, this method reduces the computation
time by more than 80%. The time histories of the linear and angular accelerations were requested from the centre of
mass of the head.
The headgear was generated from the outer surface of the skull as shown in Fig. 1 with its thickness arbitrarily
chosen as 10 mm. Tie constraint interface was deﬁned between the headgear and the skull. The hyperfoam material
model was utilised; it is deﬁned using the following strain energy function [20]:
U =
N∑
i=1
2μi
α2i
[
λˆαi1 + λˆ
αi
2 + λˆ
αi
3 − 3 +
1
βi
((
Jel
)−αiβi − 1)
]
(2)
where N is a material parameter; μi, αi and βi are temperature-dependent material parameters; λˆi are the principal
stretches that is given by λˆi =
(
Jth
)− 13 λˆi, where λˆ1λˆ2λˆ3 = Jel. The coeﬃcients μi are related to the initial shear
modulus, μ0 by μ0 =
∑N
i=1 μi, whilst the initial bulk modulus, K0 =
∑N
i=1 2μi
(
1
3 + βi
)
. The coeﬃcient βi determines
the degree of compressibility; it is related to the Poisson’s ratio, νi by the expression βi = νi/ (1 − 2νi), where νi =
βi/ (1 + 2βi).
To investigate the inﬂuence of an elastomeric foam on the head response during soccer heading, a parametric
study of the coeﬃcients of the strain energy function was conducted. For the sake of brevity, the ﬁrst order (N = 1)
strain energy function was used. Each coeﬃcient (μ1, α1 and ν1) was varied one at a time; their inﬂuences on the
HIPmax, linear and angular accelerations were studied. As described earlier, the coeﬃcient μ1 and α1 are material
parameters that determine the compressive stress-strain curve of an elastomeric foam. Changing these coeﬃcient
result in the change of the stress-strain curve during compression. The material coeﬃcient was varied as follows: the
μ1 coeﬃcient was varied from 5,000 to 500,000; the α1 coeﬃcient was varied from -5 to 100; the Poisson’s ratio, ν1
was varied from -0.4 to 0.49; the density was varied between 50 to 1,000 kg/m3. A soccer heading manoeuvre was
simulated with an incoming ball velocity of 15 m/s; the ball’s pressure was deﬁned as 90 kPa.
3. Results and Discussion
Soccer heading manoeuvre was simulated to investigate the inﬂuence of the hyperfoam material coeﬃcients (μ1,
α1 and ν1) and foam’s density on the head response. A total of 18 soccer heading simulations were performed. Fig. 2
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Fig. 2: Linear and angular acceleration proﬁles, peak HIP and peak head accelerations with respects to the material coeﬃcients (μ1, α1, ν1) and
density of the foam.
shows: the linear and angular acceleration proﬁles; peak HIP; peak linear acceleration and peak angular acceleration
obtained from each simulation.
The simulation results show that the linear acceleration proﬁles were not inﬂuenced by the material coeﬃcients or
density except in the case of α1 = 100, where there is an erratic response at the peak of the curve; this resulted in a
peak that is 30% higher than that of those obtained from other cases. The angular acceleration proﬁles, on the other
hand, are slightly inﬂuenced by the material properties, but it is not very much inﬂuenced by the density. For instance,
the μ1 =50,000 resulted in a longer duration of the angular acceleration compared to those obtained from other μ1
values. A longer duration was also seen for the α1 = 5.
It is evident that the properties tested were unable to reduce the peak HIP as depicted in Fig. 2d. Increasing the μ1
coeﬃcient from 5,000 to 50,000 resulted in an increase in the peak HIP. A further increase to 500,000 slightly reduces
the peak HIP. Nonetheless, the diﬀerences are minimal, which suggests that the μ1 coeﬃcient does not have a signif-
icant impact on the resulting head response. Similar situation was seen for the peak linear and angular accelerations.
The peak linear acceleration was almost identical for all μ1 coeﬃcients simulated.
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Fig. 2: Linear and angular acceleration proﬁles, peak HIP and peak head accelerations with respects to the material coeﬃcients (μ1, α1, ν1) and
density of the foam (continued).
The change of the α1 coeﬃcient resulted in a decrease of the angular acceleration; the higher the value of α1, the
lower the angular acceleration. The linear acceleration, however, was almost identical for α1 = −5 until 50; but a
sudden increase was seen at α1 = 100. This is translated to an increase in the peak HIP, which suggests that an α1
value of 100 and higher might increase the risk of sustaining a brain injury instead of reducing it.
The linear acceleration was also not much aﬀected by the Poisson’s ratio. Nevertheless, the angular acceleration
exhibited a mixed reaction. On the negative side, which denoted an auxetic behaviour, increasing the Poisson’s ratio
from −0.4 to −0.2 reduces the angular acceleration. On the positive side, increasing level of incompressibility was
found to minimise the angular acceleration. Nonetheless, the reduction was minimal.
An increase in density demonstrated a slight decrease in the peak linear and angular head accelerations and HIP.
Nevertheless, the diﬀerences are almost negligible, which suggests that the density of the foam does not inﬂuence
the head responses due to soccer ball heading. The parametric analyses show that foam material properties do not
have signiﬁcant inﬂuence on the head responses due to soccer heading. This suggests that elastomeric foam alone is
incapable of mitigating the impact of soccer heading on the player’s head.
4. Conclusions
Finite element analyses were conducted to investigate the inﬂuence of hyperfoam material coeﬃcients and foam
density on the head responses due to soccer heading manoeuvre. Validated soccer ball and human head FE models
were used. The peak Head Impact Power (HIPmax) was calculated from the linear and angular accelerations obtained;
it serves as an indicator of the head injury risk. A wide range of elastomeric foam material properties was simulated
and the resulting head responses were measured. Our parametric study demonstrated that an elastomeric foam alone
is not capable of attenuating the head injury risk due to soccer ball heading. Further studies should look into the
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design of the headgear such as embedding a compliant corrugation [25] or incorporating channels that contain ﬂuid
or ﬂuid-like materials within the foam [26,27].
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